Introduction
Tumor formation can be regarded as a process by which genetically initiated cells evolve via selection under various stringent conditions, and the autonomy of cell cycle progression was the first condition to be recognized and analysed extensively (Pines, 1995) . As tumors increase in size, the cancer cells are often exposed to heterogeneous environments, with some regions of solid tumors containing micro-environmental niches that create a significant gradient of critical metabolites, including oxygen, glucose, other nutrients, and growth factors (Sutherland, 1988; Helmlinger et al., 1997; Brown and Giaccia, 1998; Dang and Semenza, 1999; Hockel et al., 1999) . Therefore, while many tumors are thought to remain dormant unless they acquire the ability to organize tumor angiogenesis, extremely malignant tumors that show poor vascularization on clinical angiography are common. Pancreatic cancer is just such a tumor, exhibiting extensive growth, invasion, and metastasis without any evident increase in blood supply to the tumor tissue (Koito et al., 1997) , and this is even true of hepatic metastases of pancreatic cancer. Based on the above observations and the remarkable tolerance of pancreatic cancer cells to nutrient starvation in vitro, we proposed that this tolerance to nutrient deprivation might be a key factor in tumor progression (Izuishi et al., 2000) .
AMPK is a heterotrimeric protein kinase related to the yeast SNF1 subfamily (Carling et al., 1994; Mitchelhill et al., 1994; Woods et al., 1996) and is activated by elevation of the AMP : ATP ratio in response to metabolic stresses, such as nutrient starvation, hypoxia, heat shock, and ischemia (Corton et al., 1994; Hardie and Carling, 1997; da Silva Xavier et al., 2000) . In this study, we examined the role of AMPK in the constitutive tolerance of pancreatic cancer cells by introducing AMPK antisense RNA expression vectors. The results clearly demonstrated that AMPK is a key molecule in the development of tolerance to nutrient starvation by pancreatic cancer cells. Furthermore, loss of the tumorigenicity of pancreatic cancer cells transfected with AMPK antisense RNA in nude mice showed that tolerance to nutrient starvation is a critical factor in tumor progression and may therefore serve as a novel target for cancer therapy.
Results

Survival of various cells during glucose deprivation
In the previous study, we showed that some cancer cells, especially pancreatic cancer cells, had acquired marked tolerance to nutrient deprivation (Izuishi et al., 2000) . Similar data were obtained in a first set of experiments, in which various cells were cultured in glucose-deprived medium and cell survival was measured. When HF cells and hepatic cancer cells HepG2 and HLE were subjected to glucose starvation, the cells began to die within 24 h, and most of the cells had died within 48 h. By contrast, most of the pancreatic cancer cells survived more than 48 h ( Figure  1 ). PANC-1 cells survived the longest, with more than half of the cells still alive after 120 h of glucose starvation.
Expression of AMPK in human cells and normal tissues
To investigate the relationship between cell survival during glucose deprivation and AMPK expression, expression of AMPK a1 and a2 in a variety of cells was determined by Northern blot analysis ( Figure 2A ). Increased AMPK a1 mRNA levels were observed in four of five pancreatic cancer cells, whereas low AMPK a1 expression was observed in two hepatic cancer cells. The AMPK a1 mRNA levels were 2 -10-fold higher in the pancreatic cancer cells than in the hepatic cancer cells ( Figure 2B ), and AMPK a2 tended to be highly expressed in the pancreatic cancer cells.
Effects of AMPK antisense RNA expression vectors on changes in nuclear morphology under glucose deprivation
Under glucose-deprived conditions, transfection of the control vector into PANC-1 cells had little effect on nuclear morphology, displaying rounded intact nuclei stained with Hoechst 33258 ( Figure 3A) . By contrast, transfection of AMPK a1 antisense RNA expression vector evoked necrotic death in PANC-1 cells, which were dominantly stained with PI and showed little nuclear damage, such as chromatin condensation and fragmentation ( Figure 3B ), and the percentage of cells stained with PI was significantly increased in both AMPK a1-and a2-antisense (AS)-transfected PANC-1 cells compared with the control cells ( Figure 3C ). Neither the control vector nor AMPK antisense vectors caused any apparent changes in the nuclear morphology of PANC-1 cells cultured in ordinary DMEM (data not shown).
Effects of AMPK on cell survival under glucose deprivation
To clarify the involvement of AMPK in tolerance to nutrient deprivation, we introduced AMPK a1 or a2 antisense into PANC-1 and AsPC-1 cells in a stable manner. The results confirmed the down-regulation of AMPK a1 and/or a2 protein expression in PANC-1 cells transfected with AMPK antisense RNA expression vectors, and AMPK a1 and a2 protein accumulation during glucose deprivation was blocked in AMPK-AS-transfected PANC-1 cells ( Figure 4A ). As the two isoforms of AMPK, a1 and a2, have 90% amino acid sequence identity within the catalytic domain (Stapleton et al., 1996) , expression of AMPK a1 protein was also reduced in AMPK a2-AStransfected cells, and vice versa. The reduced AMPK a1 and a2 protein levels resulted in a 30 to 40% decrease in total AMPK activity ( Figure 4B ). There were no obvious differences in growth curves among stable PANC-1 transfectants cultured in ordinary DMEM ( Figure 5A ). By contrast, the survival of both AMPK a1-and a2-AS-transfected PANC-1 cells was markedly reduced during glucose deprivation, as compared with the control, PANC neo cells ( Figure  5B ). When cultured in DMEM, there were no differences in morphology between PANC neo cells and AMPK-AS-transfected PANC-1 cells. The downregulation of AMPK expression affected the morphology of cells cultured in glucose-deprived medium at an earlier stage than in PANC neo cells. Introduction of AMPK antisense evoked cell shrinkage and detachment at 24 h of glucose starvation, whereas PANC neo cells generally appeared normal even after 24 h incubation in glucose-deprived medium ( Figure 5C ).
Similar results were obtained in another pancreatic cancer cell line, AsPC-1. Tolerance to glucose deprivation was reduced in AMPK a1-and a2-AS-transfected AsPC-1 clones with lower levels of AMPK a1 and/or a2 protein expression in comparison with the control, AsPC neo cells ( Figure 6 ). However, the tolerance and the amount of AMPK protein expression did not simply correlate, and clear decrease in a2 protein expression was observed even in a1-AS-transfected cell clones, indicating either the cross-reactivity of antisense expression vector or interaction between expressions of two isoforms.
We also examined the effect of AMPK overexpression on tolerance of HLE cells, which are sensitive to and a2 protein expression in the control and AMPK-antisense (AS)-transfected PANC-1 cells were assessed by Western blot analysis. Cells were cultured in DMEM or glucose-free medium for 20 h, harvested and subjected to Western blotting. As a control for protein loading, the membrane was probed with an antib-actin antibody. (B) AMPK activity in the parental, control, and AMPK-AS-transfected PANC-1 cells. AMPK activity expressed in the radioactivity incorporated into substrate/min/mg of protein. The data represent mean values and bars indicate the s.d. of three independent extracts with duplicates in each experiment. Asterisk, P50.05 versus both PANC-1 and PANC neo groups glucose starvation. C-terminal truncated AMPK a1 subunit containing residues 1 to 312 was reported to be constitutive active without binding of the b and g subunits (Crute et al., 1998) . As shown in Figure 7B , the expression of the dominant active form of AMPK (AMPK DA) resulted in an increase in AMPK activity compared to that of control cells (HLE neo) ( Figure  7A ). Stable transfection of AMPK-DA slightly and transiently increased tolerance to glucose starvation in HLE cells ( Figure 7B ).
Soft agar colony formation assay
The anchorage-independent growth of PANC neo cells and AMPK-antisense-transfected PANC-1 cells was compared by colony formation assay in soft agar. After 3 weeks of incubation in soft agar, the average numbers of colonies formed by PANC neo, AMPK a1-AS-transfected PANC-1, and AMPK a2-AS-transfected PANC-1 cells were 58.7, 14.3 and 12.0 per dish, respectively, and the colonies of AMPK-AStransfected PANC-1 cells were generally smaller than the control colonies ( Figure 8A -C) .
In vivo tumorigenicity assay
To investigate the significance of expression of AMPK antisense vectors in tumorigenesis, we compared the tumor formation of AMPK-AS-transfected PANC-1 cells with that of the parental and PANC neo cells in nude mice. Whereas mice inoculated with parental cells or PANC neo cells developed large tumors with average volumes of more than 250 mm 3 at 2.5 months after inoculation, mice bearing AMPK-AS-transfected cells developed significantly smaller tumors, less than 100 mm 3 in average volume (Figure 9 ). Cells were cultured in glucose-deprived medium for indicated hours and photographed at the magnification of6100 and6200
Discussion
Tumor cells are often exposed to hypoxia and nutrient deprivation because of excessive oxygen and nutrient demands, and insufficient vascularization (Sutherland, 1988; Helmlinger et al., 1997; Brown and Giaccia, 1998; Dang and Semenza, 1999; Hockel et al., 1999) , and the hypoxic and metabolic stress triggers signal transduction and gene expression that results in synthesis of vascular endothelial growth factor (VEGF) and other angiogenic factors, leading to neovascularization and tumor growth, as well as a greater potential for tumor invasion and metastasis (Holash et al., 1999; Rofstad and Danielsen, 1999; Saaristo et al., 2000) . That is why angiogenesis is considered to be the key step in tumor progression and anti-angiogenesis has been proposed to be the most promising strategy for cancer therapy (Folkman, 1995; Barinaga, 1997) . Hypoxia-inducible factor (HIF)-1 is a heterodimeric transcriptional factor composed of HIF-1a and HIF1b/ARNT. HIF-1 is involved in the restoration of oxygen homeostasis via the induction of angiogenesis, erythropoiesis and glycolysis (Carmeliet et al., 1998; Wartenberg et al., 2001) . These reactions induced by HIF-1 explain very well how tumor cells survive under oxygen deficient conditions. However, a recent study showed that although hypoxia-induced VEGF expression was reduced, formation of large vessels was prevented and vascular function was impaired in tumors derived from HIF-1 a 7/7 embryonic stem (ES) cells, and that growth of the tumors was accelerated as compared with wild-type (HIF-1a +/+ ) tumors (Carmeliet et al., 1998) . Solid tumors generally contain hypoxic and nutrient-starved microenvironments, conditions that are associated with a poor outcome and resistance to treatment (Helmlinger et al., 1997) . Furthermore, physiological conditions, including glucose starvation and hypoxia, induce drug resistance of tumor cells (Tomida et al., 1996; Brown and Giaccia, 1998) . We previously reported that some cancer cells had acquired marked tolerance to nutrient deprivation, and that pancreatic cancer cells, in particular, demonstrated considerably prolonged survival under nutrient-deprived conditions (Izuishi et al., . It is well known that pancreatic cancer is one of the most aggressive malignancies, and that it is mostly hypovascular (Koito et al., 1997) . Based on these observations, we proposed that tolerance to nutrient starvation might be a critical factor in tumor progression, and in the present study we demonstrated involvement of AMPK expression in the survival of cancer cells under nutrient deprivation conditions. AMPK has been shown to act as a metabolic stresssensing protein kinase that shuts down energy-requiring pathways when the cellular ATP level drops and when AMP rises in response to fuel limitation and/or hypoxia (Corton et al., 1994; Hardie and Carling, 1997). Activated AMPK phosphorylates and inhibits a number of biosynthetic enzymes, including 3-hydroxy-3-methylglutaryl-CoA reductase, acetyl-CoA carboxylase, and glycogen synthase (Hardie and Carling, 1997) . AMPK is also involved in enhancing glucose transport and fatty acid oxidation to maintain cellular ATP levels (Kudo et al., 1995; Hayashi et al., 1998) , and thus it plays a critical role in protecting cells against metabolic stresses that deplete ATP. AMPK is a serine/ threonine protein kinase, consisting of three subunits, the catalytic a subunit (a1 and a2), and two regulatory subunits, b (b1, and b2) and g (g1, g2, and g3) (Mitchelhill et al., 1994; Hardie and Carling, 1997) . In humans, the a1 isoform is ubiquitously distributed, while the a2 isoform is abundant in skeletal and cardiac muscle Stapleton et al., 1996) .
The tolerance of the cells used in this study to glucose deprivation tended to be correlated with their AMPK a1 and a2 expression. The introduction of AMPK a1 or a2 antisense RNA expression vectors into PANC-1 and AsPC-1 cells significantly reduced their tolerance to nutrient deprivation. These results clearly indicate that tolerance to nutrient starvation mainly depends on AMPK activity. HepG2 and HF cells were treated with 5-amino-4-imidazole carboxamide riboside (AICAR), an activator of AMPK, and both cells showed longer survival under glucose-deprived conditions in the presence of AICAR (Hashimoto et al., 2001) . In the present study we examined the effect of AMPK activation on cellular tolerance to nutrient deprivation, but the effect of overexpression of the dominant active form of AMPK in HLE cells was not so drastic. This was also true when full-length a1 or a2 subunits were overexpressed in HLE cells (our unpublished data). These results might indicate that AMPK is necessary, but not sufficient for tolerance. Another possibility to be considered is the existence of other AMPK related kinases recently reported, SNARK and MELK (Heyer et al., 1997; Lefebvre et al., 2001 ). Recently we also discovered the fifth member of the AMPK family (Suzuki et al., submitted) . The discrepancy between the result of AICAR activation of the AMPK activity and tolerance and the marginal effect of the present overexpression might be related to the existence of multiple isoforms.
It is highly probable that some cancers, especially pancreatic cancers, evolve through acquisition of tolerance to oxygen and nutrient starvation during the process of tumor progression. In addition, the finding that anchorage-independent growth and tumorigenicity were markedly inhibited by the introduction of AMPK antisense may suggest interactions between other cancerrelated genes and AMPK pathways. A semiquantitative RT -PCR method performed on seven surgical specimens revealed that the AMPK a1 mRNA levels were much higher in all seven pancreatic tumors, and the AMPK a2 levels much higher in five tumors, than in normal pancreatic tissues (our unpublished data). It was recently demonstrated that the qin oncogene activates a serine-threonine kinase Qik, which is a member of the AMPK/SNF1 family (Xia et al., 2000) . Further study will be required to clarify why activation of the AMPK gene endows cancer cells with tolerance to nutrient starvation and tumorigenic effects.
Under physiological conditions, oxygen and nutrients supplies are dynamically regulated so as not to expose organs to ischemia. Therefore, tolerance to severe nutrient and oxygen deprivation might be a good target for preferential cancer therapy, and AMPK may serve as a new molecular target.
Materials and methods
Cell culture
Pancreatic cancer cell lines PANC-1, AsPC-1, KP-3, PSN-1 and MiaPaCa-2; hepatic cancer cell lines HLE and HepG2; and normal colonic fibroblasts HF, originally established from a human colon specimen in our laboratory, were used in this study. PANC-1, HLE, and HepG2 cells, and HF cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). The other cells were maintained in RPMI 1640 medium with 10% FCS.
Cell survival assay
Equal numbers of cells (1.5610 5 cells per well) were plated in triplicate onto 6-well plates and incubated in ordinary medium for 20 h. Individual wells were rinsed with 2 ml of warm phosphate-buffered saline (PBS), and the cells were then cultured in glucose-deprived medium which was composed of glucose-free DMEM (Life Technologies, Inc.) and 10% dialyzed FCS. FCS (Sigma, St. Louis, MO, USA) dialysis was performed three times against a large excess of 0.9% NaCl as described previously (Izuishi et al., 2000) . The percentage of viable cells was determined by the trypan blue exclusion method.
Construction of plasmids expressing AMPK antisense RNA or dominant active form of AMPK cDNA fragments containing residues 1 to 312 of AMPK a1 (nucleotides 711 to +942) and the entire coding sequence of AMPK a2 cDNA (nucleotides 74 to +1672) were generated by reverse transcription PCR (RT -PCR) from human fetal RNA (Clontech, Palo Alto, CA, USA). The AMPK cDNAs were verified by sequencing. The human AMPK cDNA was subcloned in its antisense orientation into the plasmid vector pCR3 to make AMPK antisense RNA expression vectors. To construct dominant active form of AMPK expression vector, AMPK a1 cDNA was subcloned in its sense orientation into pcDNA3.1(7) plasmid.
Northern blot analysis
Total RNA was extracted from cultured cells using acid guanidinium thiocyanate-phenol-chloroform extraction (Chomczynski and Sacchi, 1987) . Twenty mg of total RNA per lane were electrophoresed on a 1% agarose, 6.6% formaldehyde denaturing gel and blotted onto a nylon membrane. The blot was hybridized with 32 P-labeled human AMPK a1 or a2 cDNA, visualized by exposure against an imaging plate and quantified using the Image Gauge software (BAS-2000 system, Fuji Photo Film Co., Ltd., Japan). A bactin probe was used as a control for the amount of RNA in each lane. For each sample, the signal intensity of AMPK mRNA was compared to that of b-actin.
Transient transfection and Hoechst 33342/propidium iodide staining
PANC-1 cells were seeded at a concentration of 2610 5 cells per well in 6-well plates and incubated in complete medium for 20 h. The control pCR3 plasmid and pCR3 -AMPK antisense plasmids were transfected using TransFast reagent (Promega, Madison, WI, USA). Transfection efficiency was always monitored by introducing pEGFP-C1 in parallel and examining the green fluorescence microscopically. In this monitoring, 40 -60% of PANC-1 cells incorporated the vectors. Glucose deprivation was started 24 h after transfection and cells were cultured under glucose-free condition for 24 h. At the end of the culture period, cells attached to the growth surface were removed by trypsin treatment. Attached and detached cells were collected, pelleted and resuspended in PBS containing Hoechst 33342 (Molecular Probes, Inc., Eugene, OR, USA)/propidium iodide (PI) (Sigma) at 10 mM. After 15 min incubation, cells were spotted onto slides and examined in a fluorescence microscope with ultraviolet excitation at 340 -380 nm (Optiphot-2, Nikon, Tokyo, Japan). Hoechst 33342 passes the plasma membrane and stains DNA blue, whereas PI is impermeable to cells through intact membranes and stains DNA red. Cell death was indicated by the ratio of PI-stained cells to total cells. Randomly selected fields were observed and at least 250 cells in each experimental group were counted.
Stable transfection
PANC-1 and AsPC-1 cells were transfected with pCR3 -AMPK a1 or a2 antisense plasmid, and HLE cells were transfected with pcDNA3.1(7)-AMPK dominant active (DA) plasmid, using Lipofectamine-Plus reagent (Life Technologies, Inc.) according to the conditions described by the supplier. G418 selection was started 48 h after transfection. After selection for 2 -3 weeks, G418-resistant colonies of PANC-1 and HLE cells were pooled and grown as a mixed population. For AsPC-1 cells, several G418-resistant clones were isolated by colony selection. The pCR3 plasmid was also transfected to establish control PANC-1 and AsPC-1 cells, expressing vehicle vector alone, termed PANC neo and AsPC neo, respectively. HLE cells were transfected with the pcDNA3.1 plasmid to establish the control (HLE neo).
Production of anti-AMPK antibodies and Western blot analysis
Antibody against AMPK a1 was raised in rabbits against the peptide based on the amino acid sequence for residues 346 -360 (TSPPDSFLDDHLTR) as described by Woods et al. (1996) . The peptide was synthesized and coupled to keyhole limpet hemocyanin via a cysteine residue at the N-terminus. A polypeptide containing the entire coding sequence of AMPK a2 cDNA was expressed as a His-tagged protein, purified by Ni-column chromatography and polyacrylamide gel electrophoresis (PAGE) and used to immunize rabbits. Polyclonal anti-AMPK a1 and a2 antisera were collected and used for Western blot analysis after purification of IgG by protein G column. Cell lysates (25 mg per lane) were fractioned by SDS -PAGE (10% acrylamide gels) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). Membranes were probed with anti-AMPK a1 or a2 antibody and horseradish peroxidase-conjugated goat antirabbit IgG (Santa Cruz Biotechmology, Inc., Santa Cruz, CA, USA) was used as a secondary antibody for enhanced chemiluminescence (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Extraction and assay of AMPK activity
The cells were lyzed in buffer A (50 mM Tris-HCl (pH7.5), 50 mM NaF, 1 mM EDTA, 5 mM sodium pyrophosphate, 10% glycerol, 0.2 mM p-amidinophenylmethanesulfonyl fluoride hydrochloride, 4 mM leupeptin, 0.35 mg/ml pepstatin A, 1 mM DTT) containing 1% Triton X-100 as described by Foretz et al. (1998) . The polyethylene glycol (PEG 6000) preparations were used to assay the AMPK activity by phosphorylation of the SAMS peptide (Upstate Biotechnology, Inc., Lake Placid, NY, USA) fused to the glutathione Stransferase (Kishimoto et al., submitted). The expression vector of glutathione S-transferase and the glutathione sepharose were purchased from Amersham Pharmacia Biotech. Enzyme assays were performed at 308C in assay buffer (15 mM HEPES -NaOH (pH 7.0), 200 mM 5'-AMP, substrate (200 mM), cell lysate, 0.01% Brij 35, 0.3 mM DTT, 15 mM MgCl 2 , 200 mM [g-32 P]ATP (10 mCi)). After incubation for 5 min, the fusion proteins were purified by the use of glutathione sepharose and counted in a scintillation counter (Beckman Coulter, Inc., Fullerton, CA, USA).
Soft agar colony formation assay
Basal anchorage-independent growth was determined using a double-layer soft agar assay. PANC neo cells and AMPK a1 or a2-AS-transfected PANC-1 cells were seeded in triplicate at 1610 3 cells/60-mm-diameter dish in DMEM containing 0.33% agar onto a bottom layer of DMEM containing 0.5% agar. One milliliter of DMEM containing 0.33% agar was added every 7 days. The colony formation in soft agar was monitored for 1 month. After incubation for 21 days in triplicate, colonies with more than 50 cells were counted by microscopy. The dishes were photographed after 28 days of incubation.
In vivo tumorigenicity assay
The tumorigenicity of PANC-1 cells stably transfected with AMPK antisense RNA expression vector was examined by the inoculation of 5610 6 cells subcutaneously into each side of the trunk of nude mice. The parental, control, and AMPK a1-or a2-AS-transfected PANC-1 cells were each injected into three 6-week-old male BALB/c nu/nu mice. Tumor formation was assessed over a 2.5-month period following inoculation. The long (1) and short (r) diameters of each tumor were measured and the tumor volume was approximated by the formula: tumor volume=16r 2 /2.
Statistical analysis
Statistical analysis of differences between the groups was performed using Student's t-test. P50.05 was considered statistically significant. Abbreviations AS, antisense; AMPK, AMP-activated protein kinase; AICAR, 5-amino-4-imidazole carboxamide riboside.
